Electro Discharge Drilling of Hybrid MMC  by Kumar, R. et al.
 Procedia Engineering  64 ( 2013 )  1337 – 1343 
Available online at www.sciencedirect.com
1877-7058 © 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.
Selection and peer-review under responsibility of the organizing and review committee of IConDM 2013
doi: 10.1016/j.proeng.2013.09.215 
ScienceDirect
International Conference On DESIGN AND MANUFACTURING, IConDM 2013 
Electro Discharge Drilling of Hybrid MMC 
R. Kumar*, I. Singh, D. Kumar 
Department of Mechanical and Industrial Engineering, IIT Roorkee, Roorkee-247667, (U.K), India 
Abstract 
ialists are seeking the advanced applications of metal matrix composites (MMCs) because of their 
superior mechanical properties. The use of MMCs provides better strength and impact toughness to the products and also 
lowers the material cost and weight. Researchers are making their efforts to introduce such a material which is economical in  
every aspect (e.g. cost, machinability, applicability etc.) from industrial point of view. In this study, electro discharge drilling 
has been carried out on a hybrid MMC (HMMC). Al based hybrid MMC (Al6063/SiC/Al2O3/Gr) was used as a workpiece 
material and copper was used as a tool material. The objective of this work is to investigate the effect of input variables such as 
current, duty factor, tool speed and flushing pressure on the material removal rate (MRR), tool wear rate (TWR) and surface 
roughness (SR) during the machining of HMMC. Design of experiments has been done using response surface methodology 
(RSM) and through holes has been drilled by using rotary tool electrode. The experimental results show that the input 
parameters have significant effect on MRR, TWR and SR. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the organizing and review committee of IConDM 2013. 
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1. Introduction 
Growing industrial sector is putting focus the composite materials which give better mechanical properties than 
the materials being used for many years. The better properties of composites are the reason of their increased 
applications in many industries. Many researchers have used metal matrix composites (MMCs) for their 
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experimental work and established their special characteristics. Singh et al. [1] developed electrical discharge 
drilling (EDD) process to machine hybrid metal matrix composite (HMMC) and obtained better performance in 
terms of material removal rate (MRR). Kim et al. [2] developed an Al based hybrid MMC and found that 
increasing the volume of Al2O3, the compressive strength can be increased compared to the base metal (A356). Du 
and Li [3] studied the wear resistant properties of Al/Si/SiC/Gr HMMC and recorded that the dimensional stability 
increased by increasing the graphite content. Suresha and Sridhara [4] performed wear analysis on Al/SiC/Gr 
HMMC and found an optimal value of reinforcement addition (around 7.5%) at which wear rate is minimum. 
Rajmohan et al. [5] conducted drilling operation on Al356/SiC MMC and Al356/SiC/mica HMMC. The authors 
recorded higher surface roughness (SR) in HMMC than MMC. There are many manufacturing techniques which 
are being developed to make MMCs applicable for various sectors. Electro discharge machining (EDM) is one of 
these techniques on which efforts are being done to make the machining of MMCs economical. Singh et al. [6] 
conducted EDM operation on Al/10%SiC as cast MMC with variables as current, pulse on-time and flushing 
pressure and found that the dimensional accuracy is affected at higher current and on-time ratings. Rozenek et al. 
[7] conducted WEDM operation on AlSi7Mg/SiC and AlSi7Mg/Al2O3 MMC and recorded the lower cutting speed 
for MMC as compared to the base material (AlSi7Mg) due to the introduction of reinforcement. Ramulu et al. [8] 
observed reduction of strength with increase in MRR in machining of 15%SiC/Al MMC. The authors also found 
the softening effect of EDM process up to a depth of approximately 200μm below the recast layer. Singh et al. [9] 
optimized the process parameters of EDM in Al/10%SiC composite by using the Taguchi method and found 
considerable improvement in the process. The above literature suggests that not much investigation has been 
reported on EDD of HMMC.  
In the present study, a hybrid MMC workpiece is processed using the EDD and through holes have been drilled 
by using rotary tool electrode. The effect of various input parameters on the output responses has been investigated 
experimentally.  
 
Nomenclature 
MMC Metal matrix composite  
HMMC  Hybrid metal matrix composite 
Al Aluminium 
SiC         Silicon carbide 
Al2O3    Alumina 
Gr          Graphite 
Mg         Magnesium 
MRR      Material removal rate 
TWR      Tool wear rate 
SR          Surface roughness 
EDD       Electro-discharge drilling 
A            Ampere 
Rpm       Revolution per minute 
RSM      Response surface methodology 
CCD      Central composite design 
 
2. Materials and method  
Moving towards the hybrid technique, Al6063 based composite material was developed in which alumina 
(Al2O3), silicon carbide (SiC) and graphite (Gr) were added as the reinforcements by the method of stir casting. 
The amount of reinforcement added is shown by Table 1. The addition of the reinforcements affects the hardness 
of the HMMC. A rectangular HMMC plate of thickness 6 mm was used as the workpiece.  
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         Table 1. Percentage of reinforcement particles used in HMMC. 
Element Wt% 
Silicon carbide 5 
Aluminium oxide 2.5 
Graphite 2.5 
 
The experiments were performed on a Z axis numerical control EDD process set-up. The process set-up is 
attached to the EDM machine which provides rotary motion to the tool electrode. Copper rods of 7.5 mm diameter 
were used as the tool electrode. Commercial kerosene was used as the dielectric. The range of four input variables 
namely current (A), duty factor, tool speed (rpm) and flushing pressure (kg/cm2) was chosen based on one factor at 
a time approach. The design of experiments was done by response surface methodology. The electro discharge 
drilling process was studied with the RSM design called central composite design (CCD) taking four variables at 
five levels. The coded and actual values of each parameter used in this study are listed in Table 2. The effect of all 
the input parameters on three output responses namely material removal rate (MRR), tool wear rate (TWR) and 
surface roughness (SR) was recorded. The surface roughness of electric discharge drilled holes was measured by 
WYKO NT1100 profilometer. 
                          Table 2. Design scheme and level of process parameters. 
Factors Coding Levels 
 2 1 0 +1 +2 
Discharge current (A) x1 6 9 12 15 18 
Duty factor x2 0.67 0.72 0.77 0.82 0.87 
Tool speed (rpm) x3 0 250 500 750 1000 
Flushing pressure (kg/cm2) x4 0 0.25 0.50 0.75 1 
3. Response surface methodology 
Response surface methodology is the procedure for determining the relationship between different input 
parameters and exploring the effects of these input parameters on the coupled responses [10]. The experimental 
design can be developed to reduce the number of experiments without loss of accuracy. The experimental design 
provides an opportunity to study the individual effect of each factor as well as their interactions. Using this 
approach, the optimization of responses can be done by selecting certain combinations of the levels of the input 
parameters. In order to study the effect of EDD process parameters on the MRR, TWR and SR, a second order 
polynomial response can be fitted into the following equation [11]. 
                                (1) 
Where Yi  the responses, xi are the independent input variables and b0, bi, bii and bij are the second 
order regression coefficients. The second and third term under the summation sign of this polynomial equation 
corresponds to linear and quadratic effect of xi whereas the fourth term represents interactive effects of the EDD 
process parameters and  is the fitting error. In this study, 30 experiments were conducted with the combination of 
parameters as given by the RSM. Table 3 shows the design matrix and the values of MRR, TWR and SR for 
cal analysis of the data 
obtained. 
 
1340   R. Kumar et al. /  Procedia Engineering  64 ( 2013 )  1337 – 1343 
Table 3. Design matrix and experimental results 
Exp.no. 
Process parameters Responses 
Current 
(A) 
Duty factor 
Tool speed 
(rpm) 
Flushing pressure 
(kg/cm2) 
MRR 
(mm3/min) 
TWR 
(mm3/min) 
Surfaces roughness 
(μm) 
1 9 0.72 250 0.25 30.01211 0.199729 3.77 
2 15 0.72 250 0.25 47.1588 0.618573 5.62 
3 9 0.82 250 0.25 40.8635 0.146831 4.25 
4 15 0.82 250 0.25 71.9074 0.634025 7.42 
5 9 0.72 750 0.25 28.9884 0.201537 3.39 
6 15 0.72 750 0.25 47.6562 0.562904 6.56 
7 9 0.82 750 0.25 42.99253 0.148941 2.34 
8 15 0.82 750 0.25 71.95898 0.531696 4.22 
9 9 0.72 250 0.75 29.94122 0.242855 3.34 
10 15 0.72 250 0.75 55.11871 0.780539 5.33 
11 9 0.82 250 0.75 43.7963 0.1849 4.24 
12 15 0.82 250 0.75 96.7585 0.972699 6.3 
13 9 0.72 750 0.75 27.90706 0.213155 3.73 
14 15 0.72 750 0.75 48.82827 0.629767 6.21 
15 9 0.82 750 0.75 43.88068 0.16918 2.63 
16 15 0.82 750 0.75 73.09605 0.624864 4.81 
17 6 0.77 500 0.5 22.29348 0.070133 2.1 
18 18 0.77 500 0.5 89.02805 1.746389 8.52 
19 12 0.67 500 0.5 27.20223 0.348637 3.54 
20 12 0.87 500 0.5 35.9381 0.138831 6.11 
21 12 0.77 0 0.5 39.36274 0.425458 7.42 
22 12 0.77 1000 0.5 46.2219 0.387515 4.17 
23 12 0.77 500 0 44.74361 0.336189 6.57 
24 12 0.77 500 1 51.3837 0.402018 3.34 
25 12 0.77 500 0.5 47.5236 0.513497 3.3 
26 12 0.77 500 0.5 54.5567 0.49199 3.19 
27 12 0.77 500 0.5 47.9225 0.53764 3.4 
28 12 0.77 500 0.5 53.4983 0.48858 3.25 
29 12 0.77 500 0.5 58.697 0.677394 4.11 
30 12 0.77 500 0.5 54.1982 0.538482 2.51 
 
Based on equation (1), the values of all the constants were computed usin  
utilizing the relevant data from Table (3). The effects of all input process variables on the magnitude of MRR, 
TWR and SR were evaluated from the mathematical relations. The mathematical models showing the relationship 
of input variables with the output responses were obtained as follows. 
MRR (Y1) = 52.73 + 14.90x1 + 7.80x2 - 0.69x3 + 2.13x4 + 3.77x1x2 - 1.78x1x3 + 2.03x1x4 - 0.78x2x3 +        
1.36x2x4 - 2.10x3x4 + 1.65x12 - 4.37x22 - 1.56x32 - 0.25x42                                                                          (2)                      
TWR (Y2) = 0.54 + 0.30x1 - 0.019x2 - 0.032x3 + 0.038x4 + 0.024x1x2 - 0.038x1x3 + 0.034x1x4 - 0.014x2x3 +     
0.013x2x4 - 0.024x3x4 + 0.083x12 - 0.083x22 - 0.043x32 - 0.052x42                                                                      (3) 
SR (Y3) = 3.29 + 1.32x1 + 0.14x2 - 0.54x3 - 0.31x4 - 0.012x1x2 + 0.040x1x3 - 0.085x1x4 - 0.63x2x3 + 0.030x2x4 
+ 0.17x3x4 + 0.41x12 + 0.29x22 + 0.53x32 + 0.32x42                                                                          (4) 
The analysis of variance (ANOVA) was performed to check the goodness of fit of the model. This includes test 
for significance of the regression model, test for significance for model coefficients and test for lack of fit. Solving 
the regression equation and analysing the response surface contour plots gives the optimum values of the selected 
variables [12]. Table 4 shows the analysis of variance (ANOVA) results for all the three responses. The Probability 
value in each case is lower than 0.05 (i.e. = 0.05, or 95% confidence) indicates that the model is statistically 
significant. The lack-of-fit term is non-significant as it is desired. The values of R2 and Adj. R2 obtained through 
regression analysis are well fitted that means there is a good relationship between input variables and responses.  
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                   Table 4. Analysis of variance results for Eqs. (2)-(4). 
 P value Prob > F Lack of fit R
2 Adj. R2 
Eq. (2) < 0.0001 0.0626 0.9029 0.8122 
Eq. (3) < 0.0001 0.0533 0.9196 0.8445 
Eq. (4) < 0.0005 0.0662 0.8548 0.7192 
4. Results and discussion 
4.1. Effect of input parameters on MRR 
Fig. 1 (a) shows the effect of current and duty factor on MRR. Duty factor is the ratio of pulse duration to the 
pulse cycle time. The pulse off time was kept constant to 45 μs. It can be seen that the magnitude of MRR 
increases with current and pulse on time. The reason of increased MRR is increase in heat energy given to the 
workpiece. This increased heat energy accelerates the process of melting and vaporization and the result is 
increased MRR. Fig. 1 (b) shows the effect of tool rotation and flushing pressure on MRR. The aim of providing 
flushing to the process is to flush out the debris from the machining zone which increases the effectiveness of the 
sparking process. Increasing the flushing pressure results in increasing the MRR. The rotation of tool also effects 
the process. The MRR first increases with the tool speed upto 500 rpm and then decreases slightly. The reason of 
increased MRR with tool speed is the centrifugal effect generated by the rotating tool on the dielectric which 
disperses the debris from the machining zone. At higher tool speed the plasma becomes weak due to the increased 
turbulance and the result is decreased MRR. 
4.2. Effect of input parameters on TWR 
The effect of current and duty factor on TWR is shown by Fig. 2 (a). The TWR increases with discharge current 
as in the case of MRR. The increase in TWR is due to higher heat energy at higher current values. The TWR first 
increases with duty factor up to a value of 0.77 and then decreases. The higher duty factor with low current values 
increases the carbon deposition on tool electrode and hence results in lower TWR. Tool rotation has similar effects 
on TWR as that in case of MRR. TWR is highest at tool rotation speed of 500 rpm as shown in Fig. 2 (b). TWR 
increases with increase in the flushing pressure. Increased flushing pressure accelerates the debris removal from 
the machining zone. 
 
 
Fig. 1. (a) Effect of current and duty factor on MRR; (b) Effect of flushing pressure and tool speed on MRR. 
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Fig. 2. (a) Effect of current and duty factor on TWR; (b) Effect of flushing pressure and tool speed on TWR. 
4.3. Effect of input parameters on SR 
Surface roughness of the workpiece material increases with increasing discharge current and duty factor as 
shown in Fig. 3 (a). The large current and duty factor generates large discharge energy which makes larger crater 
on the surface of the workpiece resulting in higher SR. At higher tool rotation, smaller craters form on the surface 
of the workpiece resulting in lower SR value as shown in Fig. 3 (b). SR is less affected by flushing pressure and is 
lowest at the value of 0.63 kg/cm2.  
 
  
Fig. 3. (a) Effect of current and duty factor on SR; (b) Effect of flushing pressure and tool speed on SR. 
5. Confirmation experiments 
Based on the experimental results, the optimal parameter setting has been evaluated by using design expert 
software. The optimal parameter combination was found to be current 10.80 A, duty factor 0.79, tool speed 534 
rpm and flushing pressure 0.33 kg/cm2 for maximizing MRR, minimizing TWR and SR. The parameter values 
were corrected to current 12 A, duty factor 0.77, tool speed 534 rpm and flushing pressure 0.33 kg/cm2 based on 
machine settings. The confirmation experiments were conducted and comparison was done with predicted values 
and actual values. An error of 9.28%, 7.46% and 7.61% has been observed for MRR, TWR and SR respectively. 
This confirms excellent reproducibility of the experimental findings. 
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6. Conclusions   
 Experimental results suggest that the EDD of Al6063/SiC/Al2O3/Gr hybrid MMC provides acceptable values of 
MRR, TWR and SR which makes it applicable for industries. 
 The important factors for MRR are found to be current and duty factor. The tool speed and flushing have little 
effects. 
 The value of TWR increases with current and flushing pressure. TWR first increases with pulse duration and 
then decreases. 
 SR values increases substantially with discharge current and decreases with tool speed and flushing pressure. 
 The optimal combination of parameter is current 10.80 A, duty factor 0.79, tool speed 534 rpm and flushing 
pressure 0.33 kg/cm2 for maximum MRR, minimum TWR and SR. 
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